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~l~dcd  Abstrm
The subject of planetary entry using blunt bodies has beco shrdicd  cxtcnsivcly  in tbc past.  One aspect of
the aerodynamics of this type of vchiclc  that has not been addressed at lcngtb  is their transonic  dynamic
stability characteristics. In Ihc past, n~casurcnwnts  bavc bcco made in wind tunnels and ballistic ranges
that indicate 10}v angle-of-attack instabilities in tbc transonic  flight regime of these blunt bodies that lead
to angle-of-attack limi[ cycles that arc obscmcd in tbc missions, These limit cycles can result in angle of
attack cnvclopc growths to as Iargc as 15 dcgrccs as tbc vchiclc  passes through supersonic into traosonic
flight. As onc might expect, it has also been obscncd  that these instabilities arc dcpcndcnt on the
Reynolds number and 10 a lesser extent, the Strouhal number.

Planetary entry missions to date such as Ciallilco.  Piooccr Venus Orbiter, Viking, Apollo, Soyw, etc.
have not bcco cxtrcmcly  scnsiti~c to this transonic  motion growl}]; Therefore, past studies have not
focused on limiting the problcrn,  l’hc Jet Propulsion 1.aboratory’s  Ncw Millennium Mars Microprobe
(MMP) is a Martian pcnctralor  mission (scbcdutcd  for launch in January 1999, entry in Dcccmbcr)  that
is very sensitive to tbcsc  quantities. Additionally, tbc MMP is rcqoircd to have a geometry such that only’
onc trim point exists in tbc hypersonic flight regime, bccausc the vchiclc  is in an uncontrolled attitude at
atmospheric interface and needs to passively stabilize to tbc forward facing attitude in the upper
atmosphere, ‘his is also a unique rcquircmcot  bccausc  many of the vchiclcs  flown in the past \vcrc either
spun or 3-axis  stabilized to ensure the atmosphere was cncormtcrcd  at near zero angle-of-attack and
lbcrcforc,  they had no penalty for more than onc trim point.

I’his  paper dcscribcs  the dcvclopmcnt  and testing of a blunt cntw body with a high dcgrcc  of traosonic
dynamic stability and onc hypersonic trim point. Bccausc of the inadequacy of CM} techniques to
predict d]marnic  characteristics of blunt ~chicles  in the tmnsonic flight regime, a series of tests was
performed Aerodynamic cocfficicot  data from a high Reynolds number transonic  ballistic range test,
done at tbc Wright Pattcrsou  Armament Dircctoratc’s  Acroballistic  Rcscarcb Facility (ARF) is prcscntcd,
as \\cll  as data from the (’cntral Research lnstitutc  of Macbioc Building (“I’sNll Mash, located in Moscow,
Russia) U-21 lo~v-density transonic  ~vind tuoncl. I:igbtcen ballistic range tests in the ARF were done in
July 1996 to dctcrminc  slatic and dynamic cocfficicl~ts  from M= 1.4 tO M= OR at Rc = 15~10’ Wil]d
tunnel runs at TsNllMash  \vill  bc done (No\cn]bcr 1996) at sinlilar Mach numbers with Reynolds
numbers of approximately 50,000, Comparison of the dynamic as WC1l as static cbaractcristics  from the
10JV and high Reynolds numbers \vill bc performed.

l’hrcc factors ~vcrc incorporated into the aerodynamic design  of the ~cbicle  that incrcasc  the dynamic
stability, l’bcy arc: 1 ) n~o\ing  the C,G, as CIOSC to tbc froot of tbc vchiclc  as possible, 2) using as “’sharp”



a vehicle as practical (i. e., minimum cone angle and minimum nose and corm radii), and 3) the addition
of a hemispherical cap ccntcred at the C.G. A C.G, near {he nose of the vehicle clearly increases the
static stability of the vchiclc,  and has been shown in earlier Viking ballistic range tests to improve the
dynamic stability characteristics. The second factor helps to limit  the relative size of the separation
region behind the body as WC1l as minimizes fluctuations in the position of both separations points and
sonic line transitions caused by small angle-of-attack changes. The addition of a hemispherical cap
ccntcrcd  at the C.G. ensures that pressure fluctuations resulting from the unsteady base flow will act
t}mough the ccntcr of gravity, causing no resultant moment on the vehicle. Additionally, viscous forces,
albeit small, on the cap w’ill  tend to operate in the directions opposite rotation and damp motions.
Although these three design parameters have been looked at indcpcndcnlly  in the past, this is the first
vchiclc to combine all three and maximize dynamic stability. Of course, tradeoffs need to be made to
ensure the entry vehicle design can accommodate the pcnelrator  payload and meet mission rcquircmcnts.
The dimensions of the ballist  ic model tested arc shown in Figure 1a, with the diameter scaled to 1.
Figure lb is a photograph of the model and sabot.

l;igurc  2 shows the limit cycle characteristics of the bhmt (assini Huygens probe, from ballistic range
tests at the ARF. It shows a limit cycle of approximately 12 degrees, and is rcprcscntativc  of the
Iransonic dynamic stability characteristics of many bhmt entry vehicles, Figure 3 represents data taken
from the same facility for the MMP. Clearly, the dynamic instabilities have been greatly reduced;
Prcliminaw  analysis indicates the limit cycle is ICSS than 2 dcgrccs. The data from the ballistic range
tests  have been reduced to static  and dynamic coefficients using non-linear rmrcrsc  ballistic techniques
with the ARFDAS code developed by Arrow’1’cch  in Burlinglom  VA. These techniques  allot~ for
investigation of Mach and angle-of-attack dependence of static and dynamic coefficients. Figures -i
through 7 show static and dynamic coefficients as a function of the Mach numbers studied, Preliminary
results indicate little variation of Cm,~ tvith angle-of-attack, whereas traditional blunt body vehicles have a
large unstab]c spike in Cn~ near ?cro angle-of-attack, The coefficients are subsequently used to perform
high fidelity six degree c)f freedom entry simulations of the full-scale vehicle ~vi{h  correct mass properties
in a Martian atmosphere, although trajectory results arc not prcscntcd  here.

Bccausc  the ARF is an atmospheric pressure facility and Mars has a low density atmosphere (-7 torr
surafcc  pressure), the ballistic range tests had Reynolds nulnbcrs li~o  orders of magnitude higher than the
prcdictcd  flight conditions. 130undary  layer, wake structorc. and the nature of the flow separation were
not simulated wdl and certainly these faclors contribute to dynamic stability charactcrisiics.  How’ever,
fcw operational facilities exist that can provide low Rcwolds nunlbcr dwamic stabW tests at transonic
speeds. The U-2 1 variable density transonic  wind tunnel at the Central Research lnstitutc  of Machine
I]uilding  is currently preparing models for both a free oscillation dynamic test and static force balance
test, This test w’ill provide a much more realistic simulation of the terminal aerodynamics of the entry
trajectory. A limited amount of data from Viking and the Russian Mars ’96 mission indicates increasing
dynamic stability with decreasing Reynolds number.

l’hc final result of this work is the aerodynamic design for flight hardlvarc  schcdulcd  to be dclivcrcd  in
July 1997.
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